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Keratinocyte Stem Cells but Not Melanocyte Stem
Cells Are the Primary Target for Radiation-Induced
Hair Graying
Hitomi Aoki1, Akira Hara2, Tsutomu Motohashi1 and Takahiro Kunisada1
Ionizing radiation (IR)–induced hair graying is caused by the ectopic differentiation of melanocyte stem
cells (MSCs) in their niche located at the bulge region of the hair follicle. Keratinocyte stem cells
(KSCs) in the bulge region are an important component of that niche. However, little is known about the
relationship between MSC differentiation and the KSC niche during IR-induced hair graying. We found that both
follicular MSCs and KSCs were affected by IR by using immunohistochemical detection of gH2AX as a
genotoxicity marker. We also found that KSCs prepared from irradiated mice were functionally affected by IR
as indicated by their reduced colony-forming activity in culture and the delayed hair cycle in vivo. However, these
effects of IR on KSCs were temporal. The MSC population, which proliferated and differentiated to melanocytes,
was persistently maintained after irradiation. In addition to the loss of colony-forming activity, irradiated
keratinocytes including KSCs suppressed the colony formation of MSCs in vitro. Furthermore, pigmented
hairs were not reconstituted in vivo in the presence of irradiated KSCs or keratinocytes. These results provide a
previously unreported insight that the primary target of IR during the induction of hair graying is follicular
KSCs rather than MSCs.
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INTRODUCTION
Most adult tissues undergo constant cellular turnover called
tissue homeostasis (Barker et al., 2010; Voog and Jones, 2010).
Stem cells ensure tissue homeostasis by continuously
providing new cells to replace differentiated and/or damaged
cells that are lost. In hair pigmentation, mature melanocytes
are supplied from the melanocyte stem cell (MSC) population.
MSCs, which are originally derived from the neural crest, were
previously identified as immature Dctþ /KITlow melanoblasts
located in the bulge area of hair follicles (Nishimura et al.,
2002, 2005). The MSCs directly adhere to hair follicle
keratinocyte stem cells (HFKSCs), are maintained in that
niche environment throughout the hair cycle, and self-renew
only at early anagen to provide amplifying and differentiating
progenies to the hair matrix for hair pigmentation (Nishimura
et al., 2002; Tanimura et al., 2011). MSCs in the bulge
region are preferentially induced to postmitotic ectopically
pigmented melanocytes in situ upon reacting to various
genetic deficiencies, genetic stresses, and the aging process,
which eventually result in hair graying (Nishimura et al., 2005;
Inomata et al., 2009; Aoki et al., 2011a).
The stem cell microenvironment, or niche, is critical for
stem cell maintenance (Scadden, 2006; Moore and Lemischka,
2006; Fuchs, 2009; Nishimura, 2011). The keratinocyte stem
cells (KSCs) are responsible for the cyclic regeneration of hair
follicles as well as a transient supply of progeny to the
interfollicular epidermis and to sebaceous glands after
wounding (Oshima et al., 2001; Hsu et al., 2011). HFKSCs
are found in the bulge region, a distinct area of the outer root
sheath at the lower permanent portion in mammalian hair
follicles (Blanpain and Fuchs, 2006; Cotsarelis, 2006) as well
as in the secondary hair germ (Greco et al., 2009). KSCs in the
bulge region and dermal papilla cells at the base of hair
follicles are likely to be the niche for KSCs in the hair germ.
Ionizing radiation (IR) produces multiple clusters of double-
strand breaks that mediate cell cycle arrest, apoptosis, and
DNA repair (Riley et al., 2008). In IR-exposed mouse
epidermis, HFKSCs in the bulge region are resistant to DNA
damage–induced apoptosis and do not undergo premature
differentiation or cellular senescence. Higher expression of the
antiapoptotic protein Bcl-2 (B-cell lymphoma 2) and the
rapidly attenuated activation of p53 induce faster DNA repair
activity in HFKSCs (Sotiropoulou et al., 2010).
However, it has not been fully elucidated which of these
two different stem cell populations in the bulge region of hair
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follicles is the primary target of IR-induced hair graying.
In this study, we substantiated the specific deprivation of
niche activity for melanocytes or MSCs from keratinocytes or
KSCs following IR exposure, indicating that the primary target
of IR during the induction of hair graying is HFKSCs rather
than MSCs.
RESULTS
Not only MSCs but KSCs are also affected by IR exposure
IR-induced genotoxic stress was shown to induce unscheduled
in situ differentiation of MSCs to pigmented melanocytes
within 1 week, without showing any signs of apoptosis or
senescence (Inomata et al., 2009; Aoki et al., 2011a). In post-
IR mouse skin, we observed phosphorylated H2AX (gH2AX)
immunoreactivity that is indicative of genotoxic effects on
cells in the bulge region as well as the interfollicular epidermis
and outer root sheath in hair follicles (Figure 1a and b and
Supplementary Figure S1a–d online).
Those gH2AX-positive cells also expressed CD34, a marker
for HFKSCs (Sotiropoulou et al., 2010), as well as c-Kit, a
marker for MSCs, as previously reported (Inomata et al., 2009)
(Figure 1c, d and Supplementary Figure S1e–x online). The
number of gH2AX-positive HFKSC (Figure 1e) and the number
of gH2AX-positive MSCs (Figure 1f) as well as their percen-
tages (Supplementary Figure S1y online) and the number of
gH2AX foci per nucleus (Supplementary Figure S1z online) are
all clearly increased in post-IR mouse skin. Interestingly, the
number of gH2AX-positive cells was significantly reduced in
the epidermis of hk14-Kitl transgenic (Tg) mice in which Kitl is
expressed in basal layer keratinocytes and confers a radio-
protective effect on follicular MSCs (see Figure 5c–f in
reference Aoki et al., 2011a). As keratinocytes are not
known to be affected by Kit signaling, the reduced number
of gH2AX-positive cells in the bulge region was suspected to
be MSCs that were influenced by KSCs expressing Kitl. These
observations led us to consider the possibility of the
IR-induced preferential destruction of the niche for MSCs in
addition to MSCs themselves.
Delay of hair regeneration after IR exposure of the skin
To assess the effect of IR exposure on HFKSCs, adult
mice plucked 1 day before exposure with or without 5 Gy
IR were observed for their hair regeneration. Until 5 days
after IR, no significant difference in the skins with or without
IR was observed (Figure 1g and h). However, at approximately
day 7 after IR, control mice showed blackly pigmented
skin indicative of the anagen hair cycle, whereas irradiated
mice did not have any pigmentation in their skin (Figure 1i).
Irradiated mice began to show significant pigmentation at
approximately day 10 (Figure 1j). Hair protrusion was appa-
rent on day 12 in the control skin (Figure 1k) but was just
recognizable on day 14 in the irradiated skin (Figure 1l). At
day 17, the hairs of these two groups of mice grew in the same
manner, although the irradiated skin developed gray hairs
(Figure 1m). When newborn pups were irradiated, regenera-
tion of the hair proceeded in a time course similar to the
adult mice (Supplementary Figure S2a–i online). It is likely
that the IR stress affects KSCs and prevents them from
starting cell division for 3 days after plucking. However, after
this latent time, KSCs start to proliferate normally to support
the full restoration of hair even after severe IR that induces hair
graying.
KSCs but not MSCs lose their colony-forming capacity after IR
exposure of the skin: genotoxic stress imposed on KSCs may
cause impaired niche function for MSCs
To investigate whether KSCs are impaired by IR exposure, we
cultured cells prepared from the dorsal skins of newborn mice
6 hours to 5 days after irradiation. As follicular KSCs and MSCs
of newborn skin were both affected as observed in the adult
skin (compare Figure 1g–m with Supplementary Figure S2a–i
online), we took advantage of newborn skin in which
keratinocytes and melanocytes were both actively prolifer-
ating. The induction of gH2AX expression (Supplementary
Figure S2j–l online) and the irregular differentiation of pig-
mented melanocytes (Supplementary Figure S2m–p online)
possibly derived from MSCs were observed in the IR-exposed
newborn skin, as similarly observed in the adult skin. TUNEL-
positive cells were rarely detected in the IR-exposed newborn
skin as well as in the nonirradiated skin (Supplementary
Figure S2u and v online), and these TUNEL-positive cells
were not significantly increased in the bulge area of the IR-
exposed newborn skin (Supplementary Figure S2w online),
indicating that apoptosis is not likely to be the major early fate
of irradiated KSCs and MSCs.
At 2 weeks after cultivation in keratinocyte serum-free
medium to allow keratinocyte expansion, cells from un-
irradiated dorsal skin formed characteristic keratinocyte
colonies, whereas those exposed to 5 Gy IR produced fewer
and smaller colonies when harvested 6 hours or 1 day after
irradiation (Figure 2a and b). The colony-forming capacity
then recovered by 2 days or later after IR exposure compared
with that of the nonirradiated control (Figure 2a and b).
In contrast, when similar specimens were cultured in
Dermalife to allow melanocyte expansion, the reduction of
the number of melanocyte colonies was not so severe as that
of KSCs even 6 hours or 1 day after irradiation (Figure 2c
and d). At 2 days or later after IR, the colony-forming activities
had recovered to the same level as the control (Figure 2c and d).
The considerable reduction of melanocyte colonies at
5 days in irradiated skin-derived cells indicates the irreversible
loss of MSCs from the hair follicle that corresponds to hair
graying (Figure 2c and d).
This indicates that the genotoxic effect was manifested in
KSCs for a short period after IR. In contrast, MSCs separated
from KSCs defective of niche activity by IR were restored to
form melanocyte colonies detected by DCT-LacZ-positive
cells that mark melanocyte lineage cells (Mackenzie et al.,
1997), as shown in Figure 2e and f.
Our finding that KSCs are the first cell population to be
affected by IR to reduce colony-forming activity suggests that
the direct target of IR to induce gray hair is KSCs instead of
MSCs. As a result, MSCs without the supportive niche may
rapidly and irreversibly differentiate into mature melanocytes.
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Figure 1. Keratinocyte stem cell (KSC) impairment in irradiated mouse skin. (a, b) Immunohistochemical analysis of gH2AX in hair follicles at 6 hours after
(a) 0 Gy or (b) 5 Gy irradiation of adult mice. (c, d) Specimens used in b were analyzed for (c) gH2AX and CD34 or for (d) gH2AX and Kit expression. Panels
on the right are higher magnifications of CD34- or Kit-positive areas. (e, f) Statistical analysis of gH2AX expression in (e) CD34-positive KSCs or (f) Kit-positive
melanocyte stem cells (MSCs) in hair follicles of the skin 6 hours after 0 Gy (ionizing radiation (IR )) or 5 Gy (IRþ ) irradiation. (g–m) Time course of hair
regeneration with or without 5 Gy irradiation of adult mice 1 day after plucking their hairs. Panels are shown at (g) 3, (h) 5, (i) 7, (j) 10, (k) 12, (l) 14, and
(m) 17 days after irradiation. Irradiated mice are located on the right and mice without irradiation are on the left in each panel. Of the six mice used, three were
irradiated and the remaining three were not irradiated. Each experiment was repeated at least three times. Scale bars¼25mm (b, c) and 100mm (d, e).
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Cultured follicular KSCs are also sensitive to IR exposure
Whole-body irradiation may cause systemic changes to
induce deleterious effects on certain cell types, e.g., keratino-
cytes. To exclude this possibility, we prepared keratinocyte
cultures from nonirradiated skin and then irradiated them in
culture. After 20 days, nonirradiated cells generated many
colonies, whereas those exposed to 5 Gy IR generated far
fewer colonies and virtually no colonies were found in cells
exposed to 10 Gy IR (Figure 3a–c). This suggests that KSCs are
directly affected by IR to lose their proliferative potential.
In vitro IR exposure was also applied to cultured melanocytes.
Even after 10 Gy IR exposure, the number of melanocytes
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Figure 2. Colony-forming capacity of keratinocyte stem cells (KSCs) and melanocyte stem cells (MSCs) in irradiated mouse skin. (a, b) Keratinocytes
with or without irradiation. (a) Overview of colonies of keratinocytes collected from 0 Gy (bottom) and 5 Gy (top) irradiated mouse skin at the indicated time points
after irradiation (from left to right) and cultured for 2 weeks. IR, ionizing radiation. (b) Average numbers of keratinocyte colonies in one well of six-well
plates at each time point. (c, d) Melanocytes with or without irradiation. (c) Overview of melanocytes differentiated from cells collected from 0 Gy (bottom) and
5 Gy (top) irradiated mouse skin at the indicated time points after irradiation (from left to right) and cultured for 2 weeks. (d) Average numbers of melanocyte
colonies in one well of six-well plates at each time point. (e, f) Representative melanocyte colonies detected as DCT-LacZ-positive cells from (e) 0 Gy and
(f) 5 Gy irradiated mouse skin. More than six mice were irradiated and analyzed in each experiment, which were repeated at least three times. Scale
bars¼ 50mm. *Po0.05 and **Po0.005.
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prepared from the irradiated dish was not changed compared
with the nonirradiated control (Figure 3d).
Self-renewal potential is retained in MSCs shortly after IR in vivo
To demonstrate that MSCs retain their self-renewal activity
after IR, we took advantage of the ST2 co-culture system
(Aoki et al., 2005, 2009; Motohashi et al., 2007) to support the
self-renewal of MSCs or precursor cells. Even after 5 Gy IR
exposure, which is sufficient to induce hair graying (Inomata
et al., 2009; Aoki et al., 2011a), cells prepared from the
irradiated skin formed a comparable number of melanocyte
colonies with those from the nonirradiated control (Figure 3e).
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Figure 3. Colony-forming capacity of keratinocyte stem cells (KSCs) and melanocyte stem cells (MSCs) after in vitro irradiation. (a, b) Keratinocyte colonies
with or without irradiation. Cells collected from newborn mouse dorsal skin were cultured for 2 days before irradiation and then were irradiated with 0 Gy
(left), 5 Gy (middle), or 10 Gy (right), and were cultured for 3 weeks in keratinocyte serum-free medium (KSFM). Overview is shown in a, and each colony is shown
in b. IR, ionizing radiation. (c) Average numbers of keratinocyte colonies in 60 mm dishes. (d) Average numbers of melanocyte colonies in 60 mm dishes.
(e, f) Melanocyte colonies generated on ST2 stromal cells. Melanocytes differentiated from cells collected from 0 Gy (left) or 5 Gy (right) irradiated mouse
skin at 6 hours after irradiation and cultured on ST2 stromal cells for 3 weeks. (e) Overview and (f) representative colonies including DCT-LacZ-positive
melanoblasts. (g) Overview of keratinocyte colonies from the same cells used in e cultured in KSFM without ST2 stromal cells. More than six mice were
irradiated and analyzed in each experiment that was repeated at least three times. Scale bars¼ 50mm (b) and 100mm (f). *Po0.000005.
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By using the same irradiated skin cells, we confirmed the
extreme reduction of keratinocyte colony numbers (Figure 3g).
By using Dct-lacZ Tg mice, unpigmented lacZ-positive cells
were detected in colonies derived from irradiated skin
(Figure 3f). This indicates that the irradiated MSCs retain their
self-renewal potential shortly after IR exposure and eventually
form melanocyte colonies. Again, MSCs themselves are not
affected immediately after IR for their self-renewal and
differentiation potentials.
IR-exposed keratinocytes restrict the proliferative potential of
cocultured MSCs
To gain more insight to support our concept, we prepared
primary skin cell cultures and then cocultured them with
irradiated skin cells including KSCs and/or MSCs. To promote
the survival of keratinocytes, we first cultured newborn skin
cells in keratinocyte serum-free medium until the keratino-
cytes become confluent. Keratinocyte serum-free medium
selectively supports the proliferation of keratinocyte and a
uniform keratinocyte cell layer formed in the culture. After IR
exposure of the culture, freshly prepared skin cells were added
and cultured in Dermalife to allow melanocyte differentiation.
By using this culture system, melanocyte colonies were
formed when the primary cells were maintained without
adding secondary skin cells (Figure 4a), which indicates that
the MSC niche function of keratinocytes was preserved in this
culture condition. We then irradiated the primary cells;
however, melanocyte colonies were formed in these condi-
tions (Figure 4d, g, and j), suggesting that keratinocytes or
KSCs cultured under conditions that support melanocyte
expansion did not lose the niche function for melanocytes,
at least following 5 Gy IR in vitro. In contrast, when skin cells
prepared from irradiated newborn mice (5 Gy) were seeded
onto the primary cultures, melanocyte colonies were mostly
extinguished from the culture (Figure 4c, f, i, and j). As
predicted from our in vivo experiments, irradiated skin
keratinocytes or KSCs, which usually supply niches for
melanocytes, were likely to have been neutralized by IR and
these neutralized cells interfered with melanocyte colony
formation, even for preexisting MSCs in the primary culture.
The addition of nonirradiated secondary skin cells did not
interfere with the colony formation (Figure 4b, e, h, and j).
To show the inhibitory effect of niche function of irradiated
keratinocytes, we cultured primary cells supplemented with
Ack2, a function blocking antibody for Kit, and BQ788, an
antagonist for endothelin receptor B, to eliminate proliferating
melanocytes and MSCs (Aoki et al., 2005). In combination
with these antagonistic reagents and irradiation, a signi-
ficant reduction of melanocyte colonies (Supplementary
Figure S3a, d, g, and j online) as well as a prominent reduction
in the size of each colony (Supplementary Figure S3k and l
online) in the primary culture was attained. The addition of
nonirradiated skin cells to the primary culture irradiated with
5 Gy increased the number of melanocyte colonies, possibly
derived from the secondary added skin cells (Supplementary
Figure S3h and j online), although the addition of nonirra-
diated secondary skin cells to the primary culture without
irradiation or with 3 Gy IR showed no further increase of
melanocyte colonies (Supplementary Figure S3b, e, and j
online). After seeding secondary skin cells irradiated with
5 Gy, most of the melanocyte colonies were eliminated
regardless of whether the primary cultures were irradiated or
not (Supplementary Figure S3c, f, i, and j online). Thus, MSCs
present in cells prepared from the skin seem to be directly
affected to lose their colony-forming activity by the irradiated
keratinocytes or KSCs.
The reduced niche function of keratinocytes confirmed by the
hair reconstitution assay
To obtain further evidence for the melanocyte niche function
of KSCs, we took advantage of hair reconstitution analysis, in
which irradiated KSCs or keratinocytes are tested to support
hair pigmentation during the reconstitution process. The Kit-
V620A Tg mouse line, a mouse model of human piebaldism
comprising the dominant-negative Val620Ala mutation in the
Kit gene (Tosaki et al., 2006; Aoki et al., 2009), was used to
provide melanocyte-free skin cells. In each reconstitution
assay, we mixed cells prepared from Kit-V620A Tg mice and
those from C57BL/6 mice, and thus melanocytes were derived
only from C57BL/6 mice (Figure 4k–n and Supplementary
Figure S4 online). When neither cell population was
irradiated, all reconstituted hairs were pigmented (Figure 4k).
When cells from irradiated C57BL/6 mice and those from
nonirradiated Kit-V620A Tg mice were used, no apparent
abnormality was observed in the reconstituted hair (Figure 4l),
in accordance with the IR-resistant nature of MSCs as
previously noted. On the other hand, when cells from
nonirradiated C57BL/6 skins were used with those from
irradiated Kit-V620A Tg skins, apparent hair graying was
observed, although some of the reconstituted hairs were
pigmented (Figure 4m). This indicates that the irradiated
keratinocytes or KSCs of Kit-V620A Tg skins are not capable
of functioning as a niche for MSCs, even though MSCs from
C57BL/6 skins were nonirradiated, i.e., they were intact
(Figure 4m). As expected, when both cell populations were
irradiated, no pigmented hair was observed (Figure 4n),
indicating that the sparsely observed pigmented hairs in
Figure 4m, probably supported by nonirradiated KSCs sup-
plied from C57BL/6 skins, were completely eliminated by
irradiation of the C57BL/6 skins. It should be noted that the
regeneration of reconstituted white hairs was delayed for
B3 days in this assay (Supplementary Figure S4a–l online).
This could be a manifestation of damage imposed on the
irradiated KSCs, as previously observed (Figure 1g–m and
Supplementary Figure S2a–i online). Furthermore, the number
of resulting reconstituted hairs was clearly reduced. These
results convincingly support the finding that MSCs are resistant
to irradiation and that the primary target of IR during IR-
induced hair graying is keratinocytes or KSCs whose niche
function of MSCs is abolished by IR.
We showed hair graying after irradiation of the skin
(Figure 1g–m and Supplementary Figure S2a–i online) or the
reconstituted hair follicles (Figure 4k–n and Supplementary
Figure S4 online). However, these data cannot exclude the
possibility that mature hair matrix melanocytes but not
follicular MSCs were involved in this series of hair
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reconstitution assays. To exclude that possibility, we plucked
the first reconstituted hairs (Figure 4o–r). Regeneration of
pigmented hairs after plucking indicates the presence of
follicular MSCs in the first regenerated hair follicles
(Figure 4s and t). The unpigmented state in the reconstituted
hair (Figure 4m and n) was maintained after the plucking
(Figure 4q, r, u, and v). These results indicate that IR exposure
of keratinocytes in the skin induced the elimination of cycling
MSCs and thus the affected unpigmented hair follicles could
not be regenerated as pigmented hairs after plucking.
In the above hair reconstitution assay, three parts of Kit-
V620A skin cells were mixed with one part of C57BL/6 skin
cells. To reduce the effect of nonirradiated KSCs, we per-
formed the same type of experiment using nine parts of
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Figure 4. In vitro and in vivo assessment of the melanocyte stem cell (MSC) niche function of irradiated keratinocytes or keratinocyte stem cells (KSCs). (a–i) The
growth of melanocytes in cocultures of primary seeded newborn skin cells and secondary seeded newborn skin cells. Primary cells were maintained in the
keratinocyte serum-free medium (SFM) designed for keratinocyte expansion for 2 to 4 days. After adding 1 106 secondary cells, the cultures were maintained
in Dermalife to expand melanocytes for 8 days. (j) The number of melanocyte colonies in a–i. (k–v) Hair reconstitution assays using skin cells from C57BL/6
mouse pups and Kit-V620A transgenic (Tg) mouse pups with or without irradiation. The content of the cell mixture in each experiment is indicated at the top
of the panel. Cells from Kit-V620A Tg mice and C57BL/6 mice were mixed 3:1. (k–n) Primary reconstituted hair, (o–r) skin after plucking the primary hair,
and the (s–v) regenerated secondary hair are indicated. More than one C57BL/6 pup and more than two Kit V620A Tg pups were used for each hair reconstitution
assay. Each experiment was repeated at least three times.
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Kit-V620A skin cells and one part of C57BL/6 skin cells
(Supplementary Figure S4m–x online). A reduction of
pigmented hairs was observed in this series even in cases
where neither of the cell populations was irradiated,
and the degree of reduction was comparable in the combina-
tion of cells from irradiated C57BL/6 skins and nonirradiated
Kit-V620A skins. The further reduction of pigmented hairs in
cases where irradiated Kit-V620A skin cells were used
was therefore caused directly by the irradiated keratinocytes
or KSCs.
DISCUSSION
For tissues or organs consisting of various cell types such as
hair follicles, there might not be rigorous and specific methods
to identify the ‘‘niche’’ for stem cells of specific cell types and,
instead, various pieces of circumstantial evidence have been
accumulated to elucidate the functional niches for these stem
cells (Garrett and Emerson, 2009).
We first showed that both MSCs and KSCs were affected by
IR as indicated by the expression of the genotoxicity indicator
gH2AX in hair follicles. The physiological effect elicited by IR
was manifested as a temporal loss of colony-forming potential
and was specifically recreated in KSCs by in vitro irradiation of
cultured KSCs. In fact, up to 3 days of in vivo cell cycle arrest
but not apoptotic cell death of HFKSCs in 5 Gy irradiated skin
have been reported (Sotiropoulou et al., 2010). The recent
observation that HFKSCs expressing lower levels of the
circadian clock molecule Per1/2 form reduced number of
colonies compared with those expressing high levels of Per1/2
(Janich et al., 2011) indicates that a viable but extremely
quiescent state that does not form colonies after transfer to
in vitro culture is possible in HFKSCs, as observed here in the
irradiated KSCs. The severe reduction of KSC viability is likely
to correlate well with the temporal loss of niche activity, and
the apparent survival of MSCs indicates that the primary target
of IR-induced hair graying is not MSCs. The coculture system
revealed that irradiated skin cells containing keratinocytes or
KSCs dominantly repress the melanocyte colony formation.
The hair follicle reconstitution assay showed that irradiated
keratinocytes or KSCs clearly interfere with pigmented hair
generation. These data show the specific deprivation of
niche activity for melanocytes or MSCs from keratinocytes
or KSCs by IR exposure and this finally leads to IR-induced
hair graying.
Our remaining concern was the source of keratinocytes or
KSCs used for the culture and the hair follicle reconstitution
assay. Instead of using whole-skin cells and the subsequent
selective proliferation of keratinocytes, we also tried to use
HFKSCs, known as CD34-positive/CD49f-positive cells, loca-
lized in the bulge region (Trempus et al., 2003; Morris et al.,
2004; Jensen et al., 2008). Purified CD34-positive/CD49f-
positive cells from irradiated and from nonirradiated control
skins formed colonies characteristic of KSCs (Supplementary
Figure S2q–t online); however, the numbers of colonies were
unexpectedly small and were not sufficient to conduct
the coculture experiments, at least in our procedure using
keratinocyte serum-free medium without 3T3 feeder cells. It is
therefore possible that our culture system may not have
originated solely from HFKSCs but might also be from
interfollicular KSCs.
HFKSCs were convincingly tested for their niche activity for
follicular MSCs with respect to the functional loss of specific
molecules responsible for possible niche functions (Tanimura
et al., 2011). In the case of Col17a mutations, Col17a-
dependent HFKSCs were gradually lost after birth and MSCs
not expressing Col17a were also lost in response to this
reduction in HFKSCs (Tanimura et al., 2011). Our recent
finding that Kitl exogenously expressed in skin keratinocytes
prevents the IR-induced hair graying of mouse skin (Aoki
et al., 2011a) indicates that Kitl is possibly responsible for the
functional niche molecules lost in KSCs after irradiation.
Various cytokines secreted from keratinocytes might
also be key niche molecules (Gudjonsson et al., 2009).
However, genotoxic stress imposed by IR induces a wide
range of physiological and gene expression aberrations that
are difficult to reduce to several molecules or signaling
pathways, as suggested by the complementary DNA micro-
array analysis of irradiated cultured human keratinocytes
(Koike et al., 2005).
In general, the close relationship between stem cell activity
and their niche is hard to separate, especially considering the
cases where stem cells are providing environmental cues
necessary to induce or maintain their niche cells (Sato et al.,
2011) or where stem cells themselves are part of their own
niche (Sato et al., 2009). In the case of IR-induced hair
graying, we clearly demonstrated that the primary target of
IR-induced hair graying is not MSCs but rather is keratinocytes
or KSCs acting as niches for melanocytes or MSCs.
MATERIALS AND METHODS
Extended experimental procedures are described in Supplementary
Materials and Methods online.
X-ray irradiation
All animal experiments were approved by the Animal Research
Committee of the Graduate School of Medicine, Gifu University
(Gifu, Japan). The methods used for whole-body X-ray radiation of
mice have been described elsewhere (Inomata et al., 2009; Aoki
et al., 2011a). According to the telogen-hair plucking method (Potten,
1970), adult mice were irradiated (Argyris and Chase, 1960). For
newborn mice, irradiation was carried out by placing each mouse in
a thin-walled plastic box, after which the animal received whole-
body X-rays at dose levels of 5 or 10 Gy at postnatal day 0 or 1. Cell
culture plates were irradiated in the same manner.
Cell culture
The cell preparation procedure was performed as described pre-
viously (Aoki et al., 2005; 2009) with minor modifications. Briefly,
postnatal day 0 or adult mice were killed by decapitation, and their
dorsal skins were quickly collected on ice. Specimens were treated
overnight at 4 1C or 1 hour at 37 1C with 0.25% trypsin/1 mM EDTA
(Invitrogen, Carlsbad, CA), 0.1% collagenase 1 (Sigma-Aldrich,
St Louis, MO), and 1 dispase (Roche, Basel, Switzerland). The
epidermis was then peeled off the underlying dermis and dissected
into very small pieces. These small pieces were dissociated by gentle
pipetting to obtain single-cell suspensions from the small pieces of
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epidermis, and the cell suspensions were strained through 100-mesh
nylon (Sansho, Tokyo, Japan) and seeded.
Hair follicle reconstitution assay
The hair follicle reconstitution assay was performed as described
previously (Aoki et al., 2011b). The epidermal cells (primary
keratinocytes) combined with 2 106 dermal papilla cells were
transferred to a grafting chamber that was then implanted into the
dorsal skin of nude mice (nu/nu) at 5–6 weeks of age. The chamber
was removed after 7–10 days. Hair follicle formation and hair growth
were monitored 3 weeks after grafting and weekly thereafter.
Histology and immunohistochemistry
The methods used for histological analysis and immunohistochemical
analysis have been described in detail previously (Aoki et al., 2009,
2011a, b). Briefly, a HISTOFINE Kit (Nichirei Bioscience, Tokyo,
Japan) or VECTASTAIN ABC Systems (Vector Laboratories, Burlingame,
CA) was used according to the manufacturers’ protocols. Finally, the
sections were stained with 3,30-diaminobenzidine (DAB).
For immunofluorescence studies, frozen samples from fresh mouse
skin specimens were fixed, made permeable, blocked, and then
stained with primary antibodies and secondary antibodies as
described in Supplementary Materials.
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